Proanthocyanidins, also called condensed tannins, are oligomers and polymers of monomeric flavans linked through specific single (B linkages) and double (A linkages) bonds. These secondary plant metabolites have substantial antioxidant activity. They are prevalent in some foods and dietary supplements including several berries, red grapes and their wines, and seeds, baking chocolate, cinnamon, pycnogenol, and Ginkgo biloba. Calculations based on limited food composition data suggest daily intakes of about 54 mg=day per person in the United States. Similar data are unavailable to estimate intakes from dietary supplements. Studies on digestion of proanthocyanidins indicates only monomers and dimers are absorbed; however, preliminary evidence suggests hydroxylated phenolic acids are important products of gastrointestinal microflora activity that also may be absorbed. Several types of investigations support improved vascular health after short-or long-term consumption of proanthocyanidins or foods and supplements that contain them. These effects include vasodilation, presumably as a result of increased NO production, decreased platelet aggregation, reduced sensitivity of low-density lipoproteins (LDL) to oxidization, and modulation of several reactions associated with inflammation. Studies with cranberries and cinnamon, both of which contain uniquely linked proanthocyanidins, support a role for bacterial antiadhesion and improved glucose metabolism in type 2 diabetics, respectively. Results from a variety of experiments indicate proanthocyanidins may modulate several reactions involved in cancer processes. A crucial research need is to identify further biologically active components of proanthocyanidins so that mechanisms of action at the tissue, cellular, and subcellular levels can be elucidated.
Introduction Name and general description
Proanthocyanidins, also named condensed tannins, are oligomers and polymers of monomeric flavonoids. More specifically they are polyflavans: condensed molecules of those flavonoids with a saturated C ring (Fig. 1A) . Fifteen subclasses of proanthocyanidins have been identified (Porter, 1994) ; however, only a few are prominent in foods and supplements of plant origin. The various subclasses are named based on the conversion of the ''interior'' monomeric units (M) to the corresponding anthocyanidin during acid-catalyzed depolymerization; hence this broad class of polymers is named proanthocyanidins. Examples include conversion of (epi)catechin monomers to cyanidin (procyanidins) and (epi)gallocatechin monomers to delephinidin (prodelphinidins). In these tannins, the monmeric units are primarily linked through single 4!6 or 4!8 carbon-carbon bonds (B linkages) or through 4!8 carbon-carbon and 2!7 ether bonds (A linkages) (Fig. 1 ). Other linkages also have been identified but have been isolated from nonfood plants or constitute minor compounds of foods such as cocoa (Porter, 1994) . Proanthocyanidins range in size from dimers through very large polymers and are found in many plant-based foods and several dietary supplements. metabolic integrity of the organism. However, they have several biological activities that protect plants from harmful intruders such as microbes, fungi, and animals. These biological properties and others currently are being investigated as ''natural'' sources of drugs (Cowan, 1999) .
One of the earliest biochemical properties of proanthocyanidins to be realized was their ability to bind to and denature proteins. Their use in the conversion of animal hides into leather, a process called tanning (protein denaturation), led to the generic name of tannins for these compounds. The interaction between proanthocyanidins and proline=hydroxproline-rich proteins and other polymers is very strong (Salunkhe et al., 1989) , thus explaining the excellent tanning effect of these natural constituents (collagen, a prominent protein of animal skin and hides, is rich in proline and hydroxyproline).
The unique polyhydroxy phenolic nature of proanthocyanidins and the resulting electronic configuration allows relatively easy release of protons and, as a result, they have substantial antioxidant activity. Employing many antioxidant systems, investigators have shown that proanthocyandins have high antioxidant and radical scavenging activity (Bagchi et al., 1997; Ho et al., 1999; Santos-Buelga & Scalbert, 2000; Bors et al., 2001; Hatano et al., 2002; Beninger & Hosfield, 2003) , usually greater than vitamins C and E, the gold standards. In (2000) and Qin et al. (2002). addition, these unique chemical structures bind divalent cations, such as iron and copper, which also contributes to their antioxidant activity. Such antioxidant activity is indirect because both iron and copper stimulate oxidative type reactions (Fenton reaction), but by effectively reducing the concentration of these cations (through binding), the extent of oxidative activity is greatly reduced. Conversely, the role that proanthocyanidin-cation binding has on the bioavailability of such minerals as copper, iron, or aluminum is uncertain (Salunkhe et al., 1989) .
Physiology
One of the first responses when a food or supplement containing high levels of proanthocyanidins is consumed is an astringent sensation. This is due in part to the binding of these dietary constituents to proline-rich salivary proteins as described above (Salunkhe et al., 1989) . As a result, formulation of palatable foods and supplements containing substantial levels of proanthocyandins has been a challenge for food technologists and supplement formulation experts.
Although binding of proanthocyanidins to digestive enzymes has been a concern in animal nutrition where dietary concentrations of these components may be as high as a few percent, human foods contain much lower levels, and as a result, interference with digestive enzymes is of little concern (Salunkhe et al., 1989) . However, the gastrointestinal (GI) metabolism and absorption of proanthocyanidins per se have been of interest relative to human health.
Early studies employing extracts of whole grapes suggested proanthocyanidins were absorbed and metabolized in rats and mice (reviewed by Santos-Buelga & Scalbert, 2000) . Later experiments using purified proanthocyanidin fractions or grape seed extracts failed to demonstrate absorption of these food components in rats (Donovan et al., 2002; Nakamura & Tonogai, 2003 ), chickens, or sheep (Santos-Buelga & Scalbert, 2000 . A few studies have demonstrated limited absorption of purified dimers in rats (Baba et al., 2002; Tanaka et al., 2003) , which may be a result of strain specificity or dietary component interactions . However, when absorption studies were conducted with Caco-2 cells, dimers and trimers of proanthocyanidins were readily transported across the cell monolayers, whereas higher polymers [degree of polymerization (Dp6), MW 1740 Da] were adsorbed onto the epithelial cells and permeability was greatly reduced (Deprez et al., 2001) . Studies with human subjects have corroborated these results, showing that dimeric proanthocyanidins, but not higher polymers, were identified in plasma after consumption of flavonol-rich cocoa (containing primarily large polymers) or proanthocyanidin-rich grape seed extract Sano et al., 2003) .
It is difficult to ascribe the positive effects on health biomarkers to the relatively low (nanomolar concentrations) and transient plasma levels of only proanthocyanidin dimers, when foods or supplements containing high levels of proanthocyanidins are consumed. Metabolism of monomeric polyphenols by microflora of the lower GI tract has been recognized for many years (De Eds, 1959) . The same concept recently has been applied to the metabolism of proanthocyanidins. In vitro experiments employing human colonic microflora demonstrated that semipurified proanthocyanidins (primarily hexamers and heptamers, but free of monomers, dimers, and trimers) were nearly totally degraded after 48 h of incubation (Deprez et al., 2000) . The primary products of these incubations were monohydroxylated derivatives (meta and para isomers) of phenylacetic, phenylproprionic, and phenylvaleric acids (Deprez et al., 2000) , which are similar to those resulting from the metabolism of monomeric flavonoids (De Eds, 1959) . Studies with human subjects showed that cocoa proanthocyanidins were stable during transit through the high-acid environment of the stomach , but subsequently increased the urinary excretion of several phenolic acids (many the same as above) suggesting extensive metabolism in the lower GI tract (Rios et al., 2003) . Additional studies with human beings identified the circulating forms of these phenolic acids as glucuronides, which were in much higher concentrations than the intact monomeric polyphenols that were fed (Rechner et al., 2002) . Presumably, the glucuronides, along with sulfates and O-methyl derivatives of the phenolic acids, are the primary urinary products of proanthocyanidins (Duweler & Rohdewald, 2000; Scalbert et al., 2002) , although a dearth of clinical observations limits validation of these assumptions. Radiolabeled proanthocyanidin trimers and higher oligomers have been identified in organs of mice after oral administration (Ammon & Kaul, 1994) ; however, there is a lack of similar scientific evidence for human beings. In addition, tissue distribution of hydroxylated phenolic acids and similar colonic metabolic products have not been investigated.
One of the shortcomings of many of the investigations on proanthocyandins has been the commercial availability of purified individual oligomers and polymers. As a result, foods, supplements, and medicinal plant preparations, which contain proanthocyanidins, have been tested for effectiveness. Unfortunately, these materials often contain a host of other compounds that also may alter various biological responses; that is, terpene trilactones of Gingko biloba with neuromodulartory properties (Stromgaard & Nakanishi, 2004) . Nonetheless, results employing these dietary materials give an indication of the potential proanthocyanidins may have in the beneficial alteration of disease markers. Typical natural product preparations that have been employed in such experiments include Eriobotrya japonica (loquat) leaf and seed extracts, grape seed extract, Ginkgo biloba, pycnogenol (extract of French maritime pine bark), and red alder bark extract and witch hazel (extract of Hamamelis verginiana L. bark). Foods and spices that often have been examined for health-promoting activity and that contain proanthocyanidins include cinnamon, cranberries, cocoa powder and dark chocolate, and red wines.
Alteration of biological markers associated with chronic and other diseases Free radicals, human diseases, and proanthocyanidins as antioxidants Many life processes generate free radicals. The resulting reactive oxygen and nitrogen species (ROS, RNS), if left unchecked, have the potential to cause oxidative damage to DNA, lipids, and proteins, resulting in a cascade of degradative effects that contributes to human disease pathophysiology (Bagchi et al., 2000) . Free-radical scavengers and=or antioxidants provide protection of cells against oxidative damage (Halliwell et al., 1992) . Proanthocyanidins and their purported digestion products, hydroxylated phenolic acids, have high antioxidant activity (Rice-Evans et al., 1996; Bors & Michel, 2002) . In the case of proanthocyanidins, major contributions to this activity are the presence of a catechol group (adjacent hydroxyls) on the B ring and the stability of the reduction products, semiquinones and quinones (Rice-Evans et al., 1996) .
A wide variety of in vitro measurement systems have been employed to assess antioxidant activity. Depending on chemical structure(s), a specific molecule or natural product may have quite different affinities toward the various radicals employed in each system (Prior & Cao, 2000) . The data in Table 1 are a compilation of relative antioxidative activities generated by such systems for several purified proanthocyanidins as well as selected foods and supplements that are known to contain them. In general, these data show that proanthocyanidins and proanthocyanidin-rich products have substantial ROS=RNS scavenging activity, often orders of activity greater than vitamins C and E. Although the observations in Table 1 suggest foods and spices may have greater relative antioxidant activity than pure compounds or supplements (those listed), similar measurement systems have not been applied across all materials, thus precise interpretation of these data is difficult (Prior & Cao, 2000) . The general agreement of high relative antioxidant activity (Table 1 ) strongly suggests proanthocyanidins may play a role in the amelioration of oxidative processes that have the potential to accelerate several diseases.
Cancer
Many in vitro and in vivo systems have been employed to investigate the role of proanthocyanidins on markers associated with cancer processes. Studies with DNA indicated cocoa-related flavonols and proanthocyanidins were effective as ROS scavengers at physiological concentrations in the inhibition of oxo 8 dG formation induced by UV-C light energy (Ottaviani et al., 2002) . Relative to protection against oxidative stress, pretreatment of cultured J774A.1 macrophage and neuroactive PC-12 cells with grape seed proanthocyanidin-rich extract (GSPE) reduced hydrogen peroxide-induced stress substantially (36-70%) and in a dose-dependent manner . Procyanidin B2 (dimer), isolated from loquat leaves, also was found to inhibit the 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced activation of Epstein-Barr virus early antigen in Raji cells . In vivo studies with mice indicated that pretreatment with dietary GSPE greatly reduced TPAinduced lipid peroxidation and DNA fragmentation in brain and hepatic tissues (Bagchi et al., 1998) . In addition, production of ROS by peritoneal macrophages was significantly decreased in GSPE-pre-fed and TPAtreated mice as evidenced by decreased cytochrome c reduction and chemiluminescence response. The responses of all of the biological markers were dose dependent with respect to dietary GSPE levels and were also greater than the response when vitamin C or E or beta-carotene was fed at similar concentrations.
Cytotoxicity
The 3,3 0 -di-O-gallate derivative of procyanidin B2 was active against human leukemic cells (HL-60) and a melanoma cell line but was inactive toward several other tumor cell lines (Santos-Buelga & Scalbert, 2000) . Several other galloylated procyanidin dimers were also shown to inhibit the growth of human lung and colon carcinoma cell lines. However, several non-galloylated dimers, dimers and trimers containing A-type linkages, and a galloylated pentamer were less active (SantosBuelga & Scalbert, 2000) . A procyanidin oligomer mixture isolated from loquat leaves, composed primarily of undecameric procyanidin (Dp11), showed cytotoxic activity against human squamous cell carcinoma and a human salivary gland tumor line (Ito et al., 2000) . Two fractions of proanthocyanidins, isolated from the bark of witch hazel, were tested in a human derived, metabolically competent hepatoma cell line (Hep G2) for protection against benzo(a)pyrene [B(a)P]-induced DNA damage (Dauer et al., 2003a) . The low-molecular-weight fraction and catechin provided only limited protection of DNA, whereas the higher molecular weight fraction and hamamelitannin (a hydrolyzable tannin), isolated from the same source, showed a two-fold enhancement of the DNA-protection marker (Olive tail moment of single-cell gel electrophoresis). Exposure of the cells to the isolated preparations prior to, but not after, B(a)P treatment led to a significant reduction of induced DNA damage, which was dose dependent, for both proanthocyanidin fractions. Results of studies to elucidate the mechanism of protective action suggested the proanthocyanidin fractions scavenged an active mutagenic form of B(a)P, (AE)-anti-benzo(a)pryrene-7,8-dihydrodiol-9,10-epoxide, and that DNA repair mechanisms were unaffected. Additional research is needed to determine if the large proanthocyanidin molecules, per se, were the active scavengers or if a metabolite was effective in neutralizing B(a)P or its mutagenic form(s).
Grape seed extract, a nutritional supplement, is currently being used by many individuals. A standardized, water-ethanol extract from California red grape seeds (IH636) (InterHealth Nutraceuticals, Benicia, CA, USA) contains about 75-80% oligomeric proanthocyanidins and 3-5% monomeric flavonoids (Bagchi et al., 2003) . The cytotoxicity of this novel extract (IH636) has been evaluated with several cancer cell lines. Concentration-and time-dependent cytotoxic effects of IH636 were observed on MCF-7 breast cancer, A-427 lung cancer, and gastric adenocarcinoma cells, but not against neoplastic K562 myelogenous leukemic cells (Ye et al., 1999) . However, IH636 enhanced growth and viability of normal human gastric mucosal cells and J774A.1 murine macrophage cells. Treatment with GSPE ameliorated the chemotherapy-induced toxic effects of idarubicin and 4-hydroxyperoxycyclophosphamide of normal human Chang liver cells (Joshi et al., 2001 ). The GSPE-treated cells in these studies had reduced apoptosis, increased antiapoptotic gene Bcl-2, and decreased c-myc and p53 (the product of TP53 genes).
The influence of proanthocyanidins has been investigated on biological markers for cancer in several animal models. Proanthocyanidins fed as a condensed tannin extract of red alder bark or as GSPE significantly inhibited the multiplicity, size, and distribution of chemically induced colonic aberrant crypt foci in mice and rats (Gali-Muhtasib et al., 2001; Singletary & Meline, 2001) . Interestingly, one of the most effective forms of administration of red alder bark proanthocyanidins was via drinking water. Experiments with proanthocyanidins isolated from cacao liquor and fed to Sprague-Dawley rats substantially inhibited the initiation of 2-aminomethyl-6-phenylimidazo [4,5-b] pyridine (PhIP)-induced pancreatic carcinogenesis . In vitro studies suggested proanthocyanidins also directly inhibited the mutagenic 
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Catechin activity of PhIP, perhaps through nonspecific binding. Feeding proanthocyanidins extracted from grape seeds to SKH-1 hairless mice also decreased both UVBinduced skin carcinogenesis and malignant transformation in terms of incidence, multiplicity, and size (Mittal et al., 2003) . A suggested mechanism of the inhibition of carcinogenisis is the antioxidant activity conferred by the dietary proanthocyanidins. Grape seed proanthocyanidins fed to mice or rats, however, were not effective in curtailing chemically induced mammary tumorigensis (Singletary & Meline, 2001; . Several foods also contain proanthocyanidins; however, there is a paucity of observations on their effect on carcinogenic processes. Although black and green teas have extensively been investigated for their anticancer activity, green teas contain only limited proanthocyanidins (Lakenbrink et al., 1999) , and black teas have substantial concentrations of derived tannins (theaflavins, thearubigins, and others), which are a heterogeneous mixture of oxidation products of monomeric flavonoids and structurally different from proanthocyanidins (Beecher, 2002) .
Mechanisms of action
Investigators have suggested several mechanisms of action for proanthocyanidins toward inhibition of carcinogenic processes. Foremost among these is their antioxidant or ROS=RNS scavenging activities . However, both caffeic acid (a phenolic acid) and pycnogenol inhibited purified protein kinases A and C, as well as phosphorylase kinase (Nardini et al., 2002) . In addition, caffeic acid supplementation, but not antioxidant addition, to U937 monocytic cells significantly inhibited ceramideinduced apotosis and protein tyrosine kinase activity. A procyanidin-rich fraction isolated from cranberries was effective in the inhibition of TPA-induced ornithine carboxylase activity, a marker of chemopreventive activity (Kandil et al., 2002) . Studies with GSPE have linked its protective abilities with DNA repair, lipid peroxidation, and intracellular calcium homeostasis . In addition, GSPE provided protection against chemically induced hepato-and nephrotoxicity, increased bcl-X L expression in liver tissue, and antagonized both necrotic and apoptotic liver cell death. Further attempts to elucidate the antiapoptotic and antinecrotic mechanism suggested that liver cytochrome P450 2E1 activity, responsible for metabolism of drugs and chemicals, was substantially decreased by feeding GSPE to mice but not in the same organ of rats (Singletary & Meline, 2001) . Also, cytochrome P450 1 A and glutathione S-transferase activities (liver carcinogen metabolism) were unaltered by a similar feeding regimen of rats (Singletary & Meline, 2001 ).
Atherosclerosis
Atherosclerosis is an inflammatory disease process (Hannum et al., 2002; Kris-Etherton et al., 2004) . Endothelial injury is one of the first events in this process, which is followed by a large number of reactions and molecular responses. All of these events may lead to the formation of altherosclerotic plaques, which results in constriction of blood vessels that also may have reduced capacity to dilate. Proanthocyanidins and=or their metabolic products appear to ameliorate several of the steps in this complex process.
Inhibition of liposome and LDL oxidation
Experiments with synthetic liposomes and proanthocyanidins isolated from cocoa revealed that oxidation originating in the aqueous phase was inhibited most effectively by flavan-3-ol monomers and proanthocyanidin dimers and trimers (Lotito et al., 2000) . Conversely, protection was greatest with higher polymers (Dp3-6) when oxidation was initiated in the lipid phase. Elucidation of the antioxidant mechanism suggested proanthocyanidins interacted with the phospholipid ''head'' groups of the liposome, which restricted both access of oxidants to the membrane surface and movement of oxidants through the internal hydrophobic region of the membrane (Verstraeten et al., 2003) .
Relative to oxidation of low-density lipoproteins, in vitro studies with isolated LDL particles showed that individual isolated procyanidins (monomer through hexamer) or several natural products rich in proanthocyanidins (cranberry extract, grape seed extract) inhibited chemically induced oxidation of LDL (Lotito et al., 2000; Pearson et al., 2001; Porter et al., 2001; Reed, 2002; Steinberg et al., 2002) . In a copper-catalyzed LDL system, equimolar concentrations of individual procyanidins indicated antioxidation activity proportional to degree of polymerization (Pearson et al., 2001) . Employing a similar system, isolated fractions from cranberries rich in proanthocyanidin oligomers (Dp3-9) and containing 1-3 A-type linkages were also effective in delaying LDL oxidation (Porter et al., 2001) . When results from an 2,2 0 -azobis (2-amidino-propane) dihydrochloride (AAPH)-induced LDL conjugated diene formation system were expressed on a monomer equivalent basis, inhibitory activity of the various polymers was similar, suggesting antioxidant capacity was a function of the number of available catechol groups (Steinberg et al., 2002) . Studies with fractions containing mixed oligomers gave similar results in terms of antioxidant capacity, but higher polymers (Dp5-9) appeared to have greater affinity for LDL particles than oligomers with a lower degree of polymerization (Reed, 2002) . Similar studies in a cellular system (endothelial cell-mediated LDL oxidation) changed preference of antioxidant to monomeric catechin and dimers rather than higher polymers of procyanidin (Pearson et al., 2001 ). It is difficult to interpret results with polymeric proanthocyanidins and chemically induced LDL oxidation in terms of biological activity, because studies to date suggest oligomers greater that Dp2 are only minimally absorbed and circulated in the bloodstream. Results from endothelial cell-mediated oxidation of LDL appear to be most comparable to in vivo systems in that monomers and dimers, those fractions quantified in blood, were most effective as antioxidants.
A highly controlled, double-blind randomized crossover human study demonstrated that proanthocyanidincontaining cocoa powder and chocolate were effective in decreasing LDL oxidation susceptibility and slightly increasing serum total antioxidant capacity as well as high-density lipoprotein (HDL) cholesterol levels (Wan et al., 2001) . The diets of this study were based on an average American diet and identical in content except for daily addition of 16 g dark chocolate and 22 g of cocoa powder to the test diet. Similar results of cocoa ingestion on LDL oxidation susceptibility were observed in additional studies for which dietary control was less rigorous (Steinberg et al., 2003 and references therein). Pycnogenol (150 mg=day) fed to healthy individuals for 6 weeks did not alter LDL oxidizability but reduced LDL-cholesterol and increased HDL-cholesterol levels in plasma of two-thirds of the subjects . However, the same extract (360 mg=day) given to patients with chronic venous insufficiency decreased blood total cholesterol and LDL-cholesterol values but did not alter HDL-cholesterol levels (Koch, 2002) . Addition of GSPE to the diet of hypercholesterolemic subjects for 8 weeks substantially reduced the level of antibodies to oxidized LDL (measure of oxidized LDL) compared to results of the placebo control group (Bagchi et al., 2003) . Results from in vitro studies suggested isolated cocoa-proanthocyanidins were inhibitors of mammalian 15-lipoxygenase-1, an enzyme that oxygenates LDL to an atherogenic form (Schewe et al., 2001b) . Studies with red wine or red wine polyphenol-containing diets (rich in proanthocyanidins) gave mixed results in terms of plasma antioxidant capacity and resistance to ex vivo LDL oxidation (Santos-Buelga & Scalbert, 2000; Steinberg et al., 2003) .
Inhibition of inflammatory response
Studies with isolated or purified cyclooxygenase-1, cyclooxygenase-2, and 5-lipoxygenase demonstrated they were inhibited by flavonols and oligomeric proanthocyanidins from cocoa at concentrations similar to drugs used for the same purpose; for example, indomethacin (Schmitz & Romanczyk, 2000; Schewe et al., 2001a ). Short-term (6 h) in vivo experiments with human subjects fed high proanthocyanidin-containing chocolate resulted in increased plasma levels of prostacyclin, decreased concentrations of leukotrienes, and a decreased leukotriene= prostacyclin ratio, a measure of the proinflammatory= anti-inflammatory eicosanoid balance (Schramm et al., 2001) . Similar results were observed with in vitro-treated aortic endothelial cells. Longer-term studies (4 and 6 weeks) with subjects consuming a combination of cocoa powder and dark chocolate daily, in addition to an average American diet or a low-flavonoid diet, failed to alter the urinary excretion of F 2 isoprostane, thromboxane B 2 , 6-keto-prostaglandin F 1a , or their ratio (Wan et al., 2001; Mathur et al., 2002) . Consumption of purple grape juices (proanthocyanidin-containing juice), but not several other juice or coffee devoid of proanthocyanidins, significantly increased 6-keto-prostagladin F 1a at 2 h postconsumption (Polagruto et al., 2003) . Pycnogenol (200 mg=day) consumption reduced thromboxane B 2 levels in smokers compared to those of nonsmokers but did not alter levels of nonsmokers (Araghi-Niknam et al., 2000) . Intake of Ginkgo biloba extract (120 mg=day, 3 months) by healthy subjects reduced excretion of both 11-dehydro thromboxane B 2 and prostacyclin but had no effect in type 2 diabetics, which suggested a differential modulation of cyclooxygenases depending on their cellular location (platelets or endothelial cells) (Kudolo et al., 2002) . Results from these experiments suggest proanthocyanidins and proanthocyanidin-containing foods and supplements may alter eicosanoid metabolism in favor of an anti-inflammatory environment. However, environmental interactions as well as time-course and magnitude of this response require further investigation.
Endothelial injury causes increased expression of cellular adhesion molecules [CAMs; i.e., ICAM-1 (intracellular CAM), VCAM-1 (vascular CAM), E-selectin] that mediate recruitment of monocytes and their subsequent differentiation into phagocytic macrophages (Reed, 2002) . Employing HaCaT cells (human keratinocyte), pycnogenol pretreatment inhibited IFN-c-induced adherence of these cells to Jurkat T cells and expression of ICAM-1 (Bito et al., 2000) . Pycnogenol also inhibited NF-jB activation and VCAM-1 and ICAM-1 expression in TNF-a-treated human umbilical vein endothelial cells (HUVECs) (Peng et al., 2000) . A gene that codes for an oxidized LDL receptor directly linked to foam cells and atherosclerosis, CD 36, was found to be downregulated by GSPE in TNF-a-induced HUVECs (Bagchi et al., 2003) . In vitro studies with peripheral blood mononuclear cells (PBMCS), isolated from human subjects that had low production of transforming growth factor (TGF) beta1, showed that TGF-b1 production was greatly stimulated by dimer and tetramer proanthocyanidins isolated from cocoa compared to higher polymers (Dp > 5) (Mao et al., 2003) . In contrast, TGF-b1 secretion from high-producing PBMCS at baseline was inhibited by all cocoa proanthocyanidin fractions tested (Dp2-10). A study with cultured vascular smooth muscle cells demonstrated that exposure to red wine polyphenolic compounds inhibited both mRNA expression for and vascular endothelial growth factor in response to platelet-derived growth factor AB, TGF-b-1, or thrombin (Oak et al., 2003) . Elucidation of the mechanism suggested the redox-sensitive activation of the p38 mitogen-activated protein kinase (MAPK) had been inhibited. Notwithstanding these observations from in vitro experiments, a 6-week-long study with human subjects who received a combination of dark chocolate and cocoa powder ($ 650 mg procyanidins per day) in addition to a low flavonoid diet failed to alter the response of several markers of inflammation, including interleukin-1b, interleukin-6, TNF-a1, C-reactive protein, and P-selectin (Mathur et al., 2002) .
Decreased platelet aggregation
In vitro experiments with whole blood showed that cocoa procyanidin trimers and pentamers as well as dealcoholized red wine (DRW) increased expression of platelet activation markers (fibrogen binding conformation of GPIIb-IIIa and P-selectin) in unstimulated platelets but suppressed platelet activation response to epinephrine (Rein et al., 2000a) . Both short-term (2-6 h) studies and a long-term (28 day) study with human subjects demonstrated that consumption of proanthocyanidin-rich cocoa beverage lowered P-selectin expression and platelet aggregation (ADP-, collagen-, epinephrine-induced) in ex vivo experiments (Rein et al., 2000a (Rein et al., , 2000b Pearson et al., 2002; Murphy et al., 2003) . The effects observed were qualitatively similar to aspirin but less profound (Pearson et al., 2002) . Other food sources of proanthocyanidins (and minor constituents), such as purple grape juice, and combined extracts of grape seeds and grape skins, but not citrus juices, also were active in the reduction of platelet aggregation when administered to dogs, monkeys, or humans beings (Reed, 2002; Shanmuganayagam et al., 2002) . Extract of Ginkgo biloba (120 mg=day for 3 months) fed to healthy volunteers modulated collagenbut not PAF-mediated platelet aggregation (Kudolo et al., 2002) . However, giving the same extract to subjects with type 2 diabetes mellitus decreased platelet aggregation stimulated by both systems. An in vivo model based on cyclic flow reductions caused by platelet aggregation in the partially occluded circumflex coronary artery of anesthetized dogs has been employed to test platelet activity and plateletvessel wall interactions (Reed, 2002 and references therein). Several of the same dietary sources of proanthocyanidins (red wine, purple grape juice) that were active in vitro, were also active in preventing thrombus formation in this model. A similar model, based on experimental venous thrombosis in spontaneously normolipidemic rats fed a cholesterol-rich diet, demonstrated that DRW added to their diet reversed the prothrombotic effect of the hyperlipidemic factors (De Gaetano et al., 2002 ).
Animal models
Two animal models have been developed to study dietary and other effects on progression of atherosclerosis. Golden Syrian hamsters, when fed diets of high cholesterol and coconut oil for 10 weeks, have a lipid profile similar to hypercholesterolemic human beings. This treatment also results in the formation of foam cells on aorta walls, the extent of which has been used as a biomarker of the early stages of atherosclerosis (atherosclerotic index) (Bagchi et al., 2003) . Addition of GSPE to hypercholesterolemic hamster diets (50 or 100 mg=kg body weight) resulted in a substantial and significant reduction of the atherosclerotic index. In addition, total plasma cholesterol and triglyceride levels also were significantly reduced in the GSPE-fed animals.
New Zealand White rabbits fed hypercholesterolemic diets respond with high plasma total cholesterol levels (400þ mg=dl) and the formation of Sudan-positive stained lesions (fatty streaks) on the walls of their aorta (biomarker of atherosclerosis potential) (Ursini & Sevanian, 2002) . Addition of GSPE (LeucoselectPhytosome) to hypercholesterolemic diets of a group of rabbits reduced aortic arch lesions to nearly control levels (3%), whereas atherosclerotic diets alone resulted in lesions that covered 18% of the vessel wall.
Studies with human beings who consumed a combination of cocoa powder and dark chocolate for relatively long periods (4 and 6 weeks) only slightly but significantly increased HDL levels in one experiment, but did not significantly alter plasma cholesterol, triglyceride, or other lipoprotein concentrations (Wan et al., 2001; Mathur et al., 2002) . In contrast, cinnamon, which contains a series of unique trimeric and tetrameric procyanidins with A-type linkages (Anderson et al., 2004) , significantly decreased plasma levels of triglycerides as well as total and LDL cholesterol when administered (1-6 g=day) for only 20 days (Khan et al., 2003) . Grape seed proanthocyanidins fed to rats, along with highcholesterol diets, also reduced serum cholesterol levels compared to non-proanthocyanidin fed controls (Santos-Buelga & Scalbert, 2000) . Studies with proanthocyanidin-rich cranberry juice powder fed to familial hypercholesterolemic pigs significantly lowered plasma total cholesterol and LDL and slightly raised HDL (Reed, 2002) . However, the same powder fed to normocholesterolemic pigs did not alter levels of circulating cholesterol fractions.
Nitric oxide-dependent vasodilation
The enzyme, nitric oxide synthase (NOS), uses L-arginine and oxygen as substrates to produce NO, which interacts with smooth muscle cells to cause vasorelaxation. A common inhibitor of NOS, N G -nitro-L-arginine methyl ester (L-NAME), when infused, nullified vasodilation observed with treatments that stimulate NO production (De Gaetano et al., 2002; Fisher et al., 2003) , thereby validating the action of NOS and role of NO in vasodilation. Three distinct NOS isozymes have been identified: endothelial (eNOS), the crucial isozyme relative to maintenance of vascular function, neuronal (nNOS), and an inducible form (iNOS) found in a number of cell types, including macrophages and vascular smooth muscle cells (Parks & Booyse, 2002) .
In vitro studies demonstrated that red wine and pycnogenol, but not white wine, improved vasodilation and simultaneously increased endothelial NO production (Reed, 2002) . Further characterization of proanthocyanidin fractions isolated from red wine showed that vasodilation activity was greatest in the presence of low-molecular-weight oligomers (Dp2-3), whereas higher polymers were inactive. Examination of the mechanism of increased NO production with rat aorta ring strips and Gingko biloba extract suggested inhibition of Ca 2þ influx through Ca 2þ channels thereby activating NO release (Nishida & Satoh, 2003) . Contrary to the above findings, proanthocyanidins isolated from female infloresecences of hops (Humulus lupulus), a common ingredient of beer, were strong inhibitors of nNOS activity, with procyanidin dimer B2 having the highest inhibitory activity (Stevens et al., 2002) . Procyanidin dimer B3, an isomer of B2, was noninhibitory in this system. An explanation for the differential action of these isomers on two isoforms of NOS is not apparent at this time.
Two noninvasive in situ systems have been developed to test the efficacy of various dietary components, drugs, and environmental conditions on vasodilation. A study in patients with coronary artery disease had improved flow-mediated vasodilation of the brachial artery (FMD) when purple grape juice was consumed compared to beverages that did not contain proanthocyanidins (Reed, 2002) . A similar experiment with subjects that had at least one cardiovascular risk factor and who consumed a high-proanthocyanidin cocoa beverage had a significant increase in FMD response (4 h postconsumption) relative to response, at baseline and after consumption of a low-proanthocyanidin cocoa drink (Heiss et al., 2003) . In addition, plasma NO concentrations paralleled FMD response, supporting the concept that improved endothelial function, in part, may be due to a favorable modulation of NO bioavailability. Employing pulsatile artery dilation in a fingertip, healthy subjects who consumed a proanthocyanidin-rich cocoa for 4 days had consistent and striking peripheral vasodilation compared to baseline (Fisher et al., 2003) . Consumption of test cocoa on day 5 gave an additional significant acute vasodilation response, whereas infusion of L-NAME completely reversed the cocoa-induced vasodilation.
A surgical in situ system was employed to assess the response of cerebral microcirculation of rats to intake of an extract of Gingko biloba leaves (EGb 761) (Zhang et al., 2000) . Normotensive and spontaneously hypertensive (SHR) rats were fed EGb 761 for 9 days, after which several parameters of cerebral circulation were compared with control animals. The most significant and dramatic changes observed in EGb 761-fed SHR rats were a blood pressure decrease of nearly 30%, increased numbers of open capillaries, and increased numbers of circulating endothelial cells compared to SHR controls. Only minor changes were observed (increased cerebral blood flow velocity) in EGb 761-treated normotensive animals. Although NOS activity and NO production were not measured, these observations suggest EGb 761 may have improved cerebral vascular parameters through increased production of NO and other factors.
Vasoconstriction
Angiotensin II is a vasoconstrictor that is produced in the pulmonary capillaries by angiotensin, converting enzyme (ACE) and can be involved in the development of hypertension and atherosclerosis (Reed, 2002) . Several proanthocyanidins and preparations containing them inhibited ACE activity in both in vitro and in vivo experiments. These included pycnogenol, proanthocyanidins isolated from red grapes, and extracts of Erythroxylum laurifolium (endemic species on Reunion Island in the Indian Ocean) and of fruits of Cupressus sempervirens L. (Italian cypress).
Reperfusion
Induced ischemia-reperfusion studies in hearts isolated from laboratory animals simulates myocardial infarct and recovery in human beings. This model permits investigation of various dietary interventions and other environmental and circulatory alterations on recovery of hearts postischemia. Hearts from GSPE-, red wine-, or red wine proanthocyanidin-fed rats were more resistant to ischemia-reperfusion injury than hearts from control animals (Sato et al., 2002; Bagchi et al., 2003) . Blood flow parameters were improved, whereas infarct size, formation of hydroxyl radicals, and malondialdehyde levels of heart perfusate were all modulated as a result of feeding animals proanthocyanidins or proanthocyanidin-containing ingredients. These same dietary treatments also reduced the levels of proapoptotic factors JNK and c-Jun, as well as the proportion of apoptotic cardiomyocytes. Similar studies with a short-term recovery (12 min) showed opposite effects of EGb 761 pretreatment in terms of decreased iNOS mRNA expression and NO production (Varga, 2002) .
Other metabolic alterations

Bacterial anti-adhesion
Anecdotal observations and recent critical evaluation of scientific literature indicates consumption of cranberries or its products is effective in the prevention of urinary tract infections (Leahy et al., 2001; Jepson et al., 2004) . Although the therapeutic effect was long-thought to be increased urinary acidity due to hippuric acid excretion (Howell, 2002) , it is now attributed to a family of unique proanthocyanidins and=or their metabolites (Winston et al., 2002 and references therein), which have been characterized as containing a high proportion of A-type linkages (Foo et al., 2000a (Foo et al., 2000b Porter et al., 2001 ). In the case of urinary tract infection, the primary effect is inhibition of cellular adherence of P-type (mannose-resistant) uropathogenic strains of Escherichia coli (Howell, 2002; . In addition, evidence has been presented for similar responses with Helicobacter pylori to gastric epithelial cells (Burger et al., 2002 ) and a host of organisms commonly found in the oral cavity .
Diabetes, glucose, and insulin metabolism
Impaired glucose uptake and insulin resistance are subtle but common metabolic alterations that may be general etiologies to several age-related disorders and chronic diseases . Thus, identification of dietary components and natural products that have the potential to maintain these metabolisms throughout life has a highly favorable risk=benefit ratio. Several foods, biological materials, and synthetic preparations, such as tea, several spices, grape seed proanthocyanidin extract, and niacin-bound chromium, have been found to be effective (Broadhurst et al., 2000; Anderson & Polansky, 2002; Preuss et al., 2002) . However, the chromium content of natural materials (long associated with insulin potentiating activity) was not associated with improved insulin action or glucose metabolism (Khan et al., 1990) , which suggested other biologically active components were responsible. Relative to proanthocyanidins, an extract of cinnamon, which contained a series of two trimers and a tetramer of flavan-3-ols, each with an A-type linkage (Anderson et al., 2004) , was effective in significantly reducing fasting blood glucose in a group of type 2 diabetics (Khan et al., 2003) . Elucidation of the mechanism of action suggested that the cinnamon extracts stimulated autophosphorylation and inhibited a tyrosine phosphatase associated with insulin receptors of rat epididymal adipocytes (Imparl-Radosevich et al., 1998; Jarvill-Taylor et al., 2001 ). In addition, these extracts also stimulated glycogen synthesis by activating glycogen synthase and inhibiting glycogen synthase kinase-3b activities, which are known effects of insulin treatment in the adipocyte model (Jarvill-Taylor et al., 2001 ).
Cataract formation and occurrence of retinopathy are two common complications of type 2 diabetes. Cocoaderived proanthocyanidins fed to diabetes-induced (streptozotocin treated) rats nearly completely inhibited cataract formation . In control animals, lens opacity was first detected at 5 weeks after start of diabetes induction and was prevalent in a majority of rat lenses at 10 weeks of treatment. Although lenses of proanthocyanidin-fed animals revealed some focal hyperplasia of the epithelium and liquefaction of cortical fibers after 10 weeks of dietary treatment, opacity of lens was undetectable. In addition, the lack of hydroxynonenal (marker of oxidative stress) in lenses of these rats suggested very active antioxidative activity.
A review of 5 clinical trials involving nearly 1300 patients in which pycnogenol was tested for treatment and prevention of retinopathy unequivocally showed diminished progression of the disease and partial recovery of visual acuity in subjects ingesting the supplement (Schonlau & Rohdewald, 2001) . Pycnogenol treatment effectively improved capillary resistance, reduced blood leakages into the retina, and was as efficacious as the drug, calcium dobesilate.
Immune function
Response of the immune system is one of the first lines of defense of the body to a host of environmental challenges. Many dietary components and drugs stimulate this system to an elevated level of preparedness. Besides those components of the immune system associated with atherosclerosis, the effect of proanthocyanidins also has been tested, in vitro, in PBMCS. In a series of experiments investigating the effects of isolated individual proanthocyanidins from cocoa on resting PBMCS, higher molecular weight fractions (Dp5-10) stimulated IL-1b (proportional to Dp), IL-4 production, and IL-1b gene expression (Mao et al., 2000a (Mao et al., , 2000b , whereas intermediate-sized polymers (Dp4-8) were most active in the stimulation of TNF-a release (Mao et al., 2002a) . Employing a similar system, IL-2 and IL-5 secretion was unresponsive to isolated proanthocyanidin treatment (Mao et al., 2000b (Mao et al., , 2002b . When phytohemagglutinin (PHA)-stimulated PBMCS were tested, larger polymers (Dp5-10) stimulated gene expression and protein production of IL-1 and IL-1b and TNF-a release (Mao et al., 2000a (Mao et al., , 2000b (Mao et al., , 2002a but greatly inhibited synthesis of IL-5 (Mao et al., 2002b) . Intermediate polymers (Dp-57) depressed IL-2 gene expression in a similar system (Mao et al., 2000b) .
The influence of pycnogenol has been studied on some of the components of the immune system in cell culture. In RAW 264.7 macrophages, pycnogenol treatment of lipopolysaccharide (LPS)-stimulated cells reduced production of IL-1b and its mRNA levels in a dose-dependent manner (Cho et al., 2001 ). In the same cell line, pycnogenol blocked the activation of NF-jB and activator protein-1 (AP-1), two transcription factors involved in IL-1b gene expression, and abolished LPS-induced IjB degradation. Collectively, these results suggest pycnogenol treatment of this cell line can inhibit expression of proinflammatory cytokine IL-1 through the regulation of redox-sensitive transcription factors. When individual proanthocyanidins were investigated in the same cells induced by IFN-c, monomers and dimers repressed NO production, TNF-a secretion, and NF-jB-dependent gene expression, whereas procyanidin C2 (trimer) and pycnogenol enhanced these parameters (Park et al., 2000) . These latter two treatments also increased TNF-a secretion in unstimulated RAW 264.7 macrophages. Studies with stimulated Jurkat E6.1 cells indicated that pycnogenol depressed IL-2 mRNA expression but that the mechanism of transcriptional regulation was different from regulation of IL-1b (Cho et al., 2001) .
Using isolated proanthocyanidin fractions from Ecdysanthera utilis (Chinese plant) and a PHAstimulated PBMC system, procyanidin A1 (dimer with A-type linkage) inhibited IL-2 and IFN-c production, which may have caused suppression of PBMC proliferation (Lin et al., 2002) . Two newly identified trimers, each with an A-type linkage, failed to alter the response of cytokines or factors from PBMCS. A polyphenolrich fraction isolated from cocoa liquor inhibited mitogen-stimulated proliferation of T cells and polyclonal Ig production by B cells (Sanbongi et al., 1997) . In addition, this cocoa-liquor fraction also inhibited IL-2 mRNA expression and IL-2 secretion by T cells. Following on bacterial antiadhesion factors in cranberries, a high-molecular-weight-containing fraction inhibited hemagglutination of A (H1N1) and B (H3N2) virus strains as well as decreased viral infectivity (Schlesinger et al., 2003) .
Dietary sources and intake Dietary sources
Foods
A wide variety of analytical procedures have been employed for the bulk measurement of proanthocyanidins . Although individual dimers and trimers traditionally have been quantified with reversed-phase high-performance liquid chromatography systems (HPLC) (Lamuela-Raventos & Waterhouse, 1994) , only recently have normal-phase HPLC techniques been coupled with sophisticated detection instrumentation for quantification of individual proanthocyanidin oligomers (Dp 12) (Hammerstone et al., 1999; Gu et al., 2002 Gu et al., , 2003 . In addition, higher molecular weight proanthocyandins (Dp > 12) can now be quantified as a single chromatographic peak (Gu et al., 2003) .
Employing these normal-phase HPLC procedures, a large number of food samples, selected on the basis of market share and demographics within the United States (Pehrsson et al., 2000) , were analyzed for proanthocyanidin content (Gu et al., 2004) . These data and others have been combined into a database of values for foods available online from the USDA Nutrient Data Laboratory at http:==www.nal.usda.gov=fnic=foodcomp. Data for the proanthocyanidin content of selected foods containing substantial amounts are tabulated in Table 2 . The data for red grapes reported in Table 2 are for seedless ''eating'' grapes, whereas cultivars of red-wine grapes and their wines have higher proanthocyanidin contents (Monagas et al., 2003; Sanchez-Moreno et al., 2003) . This is reflected in the data for several red wines common in Spain, which contained dimers through polymers Dp 13 and represented 77-84% of total flavanols (Monagas et al., 2003) . In general, a large number of vegetables, many spices, and some fruits, particularly citrus, had undetectable levels of proanthocyanidins (Gu et al., 2004) . Fifty-six different kinds of common Spanish foods have been analyzed for flavanols, including dimers and trimers, but not higher oligomers (de Pascual-Teresa et al., 2000) . Results indicated procyanidin B2 was the most abundant dimer or trimer, and flavanols were very low or nondetected in most vegetables.
Supplements
Qualitative and quantitative data on the proanthocyanidin content of dietary supplements, botanicals, and herbals is less precise than for foods because these dietary components have not been subjected to the same rigorous sampling and analysis programs. Relative to Ginkgo biloba, a fraction has been isolated that contained monomeric and polymeric flavonoids and accounted for 24% to 36% of the mass, depending on the method of extraction (Christen & Maixent, 2002; Yang et al., 2002) . This fraction contained many flavonol glycosides, biflavones, and proanthocyanidins (van Beck, 2002) ; however, qualitative and quantitative characterization of the polymeric flavonoids awaits application of the techniques that have been applied to foods.
Grape seed proanthocyanidins are unique in that they contain a high level of galloyl derivatives, about one per each monomeric unit (Krueger et al., 2000; Hayasaka et al., 2003) . Employing matrix-assisted laser desorption= ionization time-of-flight mass spectrometry (MALDI-TOF MS), masses as high as nonamers (Dp9) and undecamers (Dp11) were observed, depending on the mode of detection (Krueger et al., 2000) . These results agree with data from electrospray ionization mass spectrometry (ES-MS) studies, which showed a mean Dp3 and Dp9, respectively, for two proanthocyanidin-rich fractions isolated from grape seed extract (Hayasaka et al., 2003) . However, the largest polymer observed in each fraction was Dp9 and Dp28, respectively. Employing the traditional thiolysis method, an average of Dp8 was calculated for grape seed extracts with polymerization ranging from Dp5 to Dp17 (Labarbe et al., 1999) . Relative to quantification, monomers (þ)-catechin and (À)-epicatechin constituted about 15% of the mass; galloyated monomers, dimers, trimers, and tetramers about 80%; and pentamers, hexamers, heptamers, and their galloyates about 5% (Gabetta et al., 2000) . Accurate quantitative data for each oligomer= polymer of grape seed proanthocyanidins are unavailable at this time.
Pycnogenol has been characterized as having proanthocyanidins that range from monomers of catechin and taxifolin to oligomers (Dp7) or higher (Rohdewald, 2002) . Witch hazel (extract of bark of Hamamelis virginiana) contains about 5% proanthocyanidins, characterized by polymers of Dp17-29 as measured by thiolysis and Dp11-20 when gel permeation chromatography was employed (Dauer et al., 2003b) . A unique characteristic of these compounds was complete 3-O-galloyation of chain extension units. Extracts of loquat (Eriobotrya japonica) leaves contained procyanidin B2 as one active ingredient , whereas Crataegus sinaica isolates were characterized as having a series of dimers through pentamers, some of which had A-type interflavan linkages (Shahat et al., 2002) . Preparations from Ecdysanthera utilis contained two procyanidin trimers that each had an A-type linkage between monomeric unit T (top) and M (interior) as well as several common procyanidin dimers (A1, A2, B2) (Lin et al., 2002) .
Dietary intake
Foods
Based on proanthocyanidin content for over 60 United States foods and daily food intake data [USDA Continuing Survey of Food Intakes by Individuals (CSFII) for [1994] [1995] [1996] , consumption by individuals in the United States was calculated for the first time (Gu et al., 2004) . The mean intake for all ages ( > 2 years old) was estimated at 54 mg=day per person for all proanthocyanidins of Dp !2. Detailed examination of intakes for age=sex groups indicated a bimodal high intake phenomenon for children (2-5 years and 6-11 years) and older males (40-59 years and > 60 years) each of whom consumed 59 mg=day or more. Proanthocyanidin consumption among adults ranged from 46 mg=day (20-39 years, female) to 66 mg=day ( > 60 years, male). As outlined above, these data do not include proanthocyanidins that might be included in the consumption of red wines or other commonly consumed foods that have substantial polymer content but were not analyzed. Nonetheless, these results provide the scientific community with the first estimates of proanthocyanidin consumption.
Supplements
Because of the dearth of analytical data for proanthocyanidin content of supplements, botanicals, and herbals, comprehensive intakes from these dietary sources are (Yu et al., 2004) . Based on this study, those women characterized as more likely to consume herbal supplements were non-Hispanic white, more educated, higher income, residence in the South or the West, and who had functional limitations and chronic conditions. Although recent results from two large cohorts indicated that individual vitamins and multivitamins, as well as selected minerals, were the most frequently consumed supplements (Murphy et al., 2002; White et al., 2004) , the question must be raised whether appropriate probes were included in the survey instruments of these studies to capture intakes of botanicals and herbals. Nonetheless, plans and approaches have been discussed for inclusion of nutrients and health-related components provided by all supplements into United States National Nutrition Surveys (Dwyer et al., 2003) .
Adverse biological effects
Traditionally, condensed tannins (pranthocyanidins) have been considered antinutrients in animal nutrition due to their astringency (reduced feed intake) and ability to bind several macronutrients, thus reducing their digestion and absorption (Salunkhe et al., 1989; Reed, 1995) . However, specific digestive advantages (e.g., reduced incidence of bloat in ruminants) have been realized for some of the proanthocyanidin unique chemical traits (protein binding), which are now being pursued to advantage (Reed, 1995; Dixon & Sumner, 2003; Waghorn & McNabb, 2003) . Although pycnogenol has been shown to bind selected purified intracellular enzymes (Moini et al., 2000) , the precise role of these polymers in the alteration of the metabolic equilibrium in the gastrointestinal tract of human beings is unknown. Toxicological studies on long-term (90 day) oral administration of GSPE to rats established a no-observedadverse-effect level (NOAEL) of 1.4 g kg BW À1 day À1 for males and 1.5 g kg BW À1 day À1 for females (Yamakoshi et al., 2002) . Similarly, the LD 50 of a single oral dose of grape seed extract IH636 was greater than 5 g=kg BW for both male and female rats (Ray et al., 2001) . Feeding IH636 at the rate of 100 mg kg À1 day À1 to male B6C3F1 mice for a year or 500 mg kg À1 day À1 to female mice for 6 months had no detectable adverse effects on the pathologies of vital organs or on serum chemistries (Ray et al., 2001) . In terms of dermal irritation, IH636 was rated as moderately irritating and the no-observedeffect level (NOEL) for systemic toxicity was set at 2 g=kg for male and female albino rats (Ray et al., 2001 ). Observations in both rats and human subjects consuming FastOne, an herbal supplement containing extracts of kola nut, grape, green tea, and Gingko biloba, suggested an increased risk of colorectal cancers as substantiated by induced activity of CYP1A2 (Ryu & Chung, 2003) .
In a review of potential drug-dietary supplement interactions, about one-half of patients taking prescription medication and at least one dietary supplement had potential for an ''interaction of significance'' (Peng et al., 2004) . Of these patients, only 6% had the potential of a severe interaction. Spontaneous bleeding in the anterior chamber of the eye (hyphema) was reported for one case, which was resolved when consumption of Gingko biloba was stopped (Schneider et al., 2002) . Review of several clinical trials that investigated pycnogenol indicated that tolerance of the supplement was very good with only rare side effects, most referring to gastric discomfort (Schonlau & Rohdewald, 2001 ). Similar observations were reported for enzogenol, a combination of an extract of Pinus radiata bark and vitamin C (Shand et al., 2003) .
Research needed
Although there are many areas of research on proanthocyanidins that can be identified for emphasis, two are crucially important for substantial advancement of the association of these dietary components with human health:
(1) Identify biologically active compounds that are absorbed and their tissue distribution. To date, studies with human subjects indicates that dimeric (and perhaps monomers) proanthocyanidins, but not higher oligomers, are the primary compounds absorbed after consumption of proanthocyanidin-rich cocoa and grape seed extract Sano et al., 2003) . However, circulating levels are relatively low and transient in nature. The research of Scalbert's group suggests there is considerable metabolism of proanthocyanidins in the lower GI tract to many different phenolic acids (Deprez et al., 2000; Rios et al., 2003) . A phenolic acid, 3,4-dihydroxyphenylacetic acid, whose concentration was raised in plasma after consumption of diets rich in fruits and vegetables, significantly modulated platelet activity at concentrations observed in plasma (Kris-Etherton et al., 2004) . Such studies serve as a model for identification of biologically active proanthocyanidin metabolites. Characterization of metabolites and their concentrations in various tissues will be of great advantage in terms of designing in vitro studies for the elucidation of mechanisms of action of these dietary constituents. (2) Assess intake of proanthocyanidins from dietary supplements. The recent development of robust analytical techniques for the measurement of proanthocyanidins resulted in the analysis of a large number of foods, the development of a database of values for foods, and estimates of intakes of these components from foods (Hammerstone et al., 1999; Gu et al., 2002 Gu et al., , 2003 Gu et al., , 2004 . Similar efforts must be applied to those botanicals and herbals known to contain proanthocyanidins. In addition, accurate estimates of supplement consumption (especially botanicals and herbals) must be included in United States National Nutrition Surveys so that the contribution of these dietary sources can be calculated (Dwyer et al., 2003) .
